We report here a novel system for the conjugal transfer of bacterial chromosomes which utilizes the transfer origin (oriT) of plasmid RK2 cloned into transposon TnS. Tn5 with oriT was inserted by transposition into the chromosomes of Escherichia coli and Rhizobium meliloti. The oriT sequence then served as the origin of highfrequency chromosome transfer when a helper RK2 plasmid was present in the same cell. The broad host range features of RK2 make this system of oriented chromosome mobilization applicable to most gram-negative bacteria.
The narrow host range of the Escherichia coli F factor has limited the use of this plasmid for chromosome mobilization to closely related members of the family Enterobacteriaceae. The IncP plasmids have a very broad host range among gram-negative bacteria (20) . However, the use of these plasmids in genetic mapping has been limited by the low frequency of chromosome transfer mediated by native IncP plasmids (10) . Several derivatives of IncP plasmids, capable of more efficient chromosome mobilization, have been isolated. R68.45 (23), RP4::Mu (19) , and RP4::mini-Mu (15) contain insertion elements which enhance the transfer of chromosomal markers. However, these plasmids do not generally form stable Hfr-like strains that give oriented transfer of the chromosome from a fixed origin. Another approach has involved cloning chromosomal fragments into RP4 to form regions of homology between the plasmid and the chromosome (3, 4, 13, 22) . The recombinant plasmids were able to transfer chromosomal genes in an oriented manner, but this system involves constructing a new set of plasmids for each bacterial species to be studied. In addition, recombinant IncP vectors have failed to enhance chromosome transfer in several organisms (2, 11) . We have developed a new system for chromosome transfer which utilizes a DNA fragment containing the RK2 origin of transfer (oriT) cloned into the kanamycin resistance transposon TnS (5). Tn5 with oriT is inserted by transposition into the chromosome, and the oriT sequence serves as the origin of chromosome transfer mediated by a helper RK2 plasmid present in the same cell. This system provides for oriented transfer of chromosomal genes at a high frequency and is generally applicable to any gram-negative bacterium capable of maintaining RK2.
To construct the TnS derivative containing oriT from RK2, we first transposed TnS onto a derivative of pBR322, designated pDG4A15, from which the pBR322 transfer origin and tetracycline resistance gene have been deleted (see the legend to Fig. 1 ). We then inserted the 760-base pair oriT fragment of RK2 (9) into the single BamHI site of Tn5. The resulting plasmid, designated pEYDG1, is shown in Fig. 1A . The insertion of oriT into TnS on pEYDG1 had no effect on either the expression of kanamycin resistance or on the transposition frequency of TnS. This was expected since the BamHI site is downstream from the kanamycin resistance gene and is between the insertion elements IS5OL and * Corresponding author.
ISSOR, which are involved in transposition (5) . The oriT sequence was fully functional on pEYDG1 and facilitated high-frequency mobilization of the plasmid by a helper RK2 derivative.
Tn5-oriT was then transposed into the E. coli chromosome by transforming strain D110 polA (provided by J. Zyskind) with pEYDG1 and selecting for kanamycin resistance. Since pEYDG1 cannot replicate in a polA strain (14) , the transformants contained TnS-oriT inserted into the chromosome. The RK2 helper plasmid pRK211.1 was transferred into the strains by conjugation. pRK212.1 is a derivative of RK2 with a deletion which inactivates the kanamycin resistance gene (8) . This plasmid has normal transfer activity but confers resistance only to ampicillin and tetracycline. The oriT D10 (pRK212.1) strains were then mated with the auxotrophic recipient E. coli AB1157 (F-thr-J leuB6 thi-J lacYl galK2 ara-14 xyl-5 mtl-l proA2 his4 argE3 str) and plated on media selecting for transfer of the chromosomal markers ara, pro, his, xyl, or arg (see map positions in Fig. 1B ). Of 17 randomly selected oriT D110 (pRK212.1) strains, 15 were able to transfer chromosomal markers with frequencies of 10-2 to 10-5 relative to the frequency of pRK212.1 transfer in 2-h matings on membrane filters (Millipore Corp.) (9) . The transfer data for two representative D110 oriT donors is shown in Table 1 . Background transfer of markers by pRK212.1 in the parent D110 strain was always well below 10-5. In D110 oriT3, transfer began near the ara and pro loci with his, xyl, and arg as distal markers. Interrupted matings confirmed that only ara and pro are transferred in the first 10 min, and the transfer of arg is consistently 3-to 10-fold less frequent than that of his and xyl. The somewhat lower transfer of ara relative to pro is probably due to the location of oriT very close to ara, which thereby decreases the recombination efficiency for the ara marker in the recipient (16) . When 100 recipients selected for ara+ were screened for cotransfer of other markers, 95% were also pro', and 93% were lac+, but none were gal', indicating that most mating events transfer a relatively short segment of the chromosome, less than 16 min in length. However, recombinants for distal markers were found at a 100-fold-higher frequency than in the control. In strain D110 oriT4, transfer started near his with arg, ara, and pro as distal markers. We also isolated D110 oriT strains with transfer origins near xyl- (17) showing the location of markers used in the transfer experiments (Tables 1 and 2). selected proximal markers were found in recipients selected for transfer of distal genes.
The general utility of this oriT-mediated transfer system is its usefulness in genetic studies of gram-negative bacteria unrelated to E. coli. To demonstrate this application, we chose Rhizobium meliloti, an organism of great agricultural interest but one which lacks an endogenous chromosome transfer system. RK2 has been reported to mobilize chromosomal markers in Rhizobium spp., but only at a low frequency and in a nonoriented fashion (17) . We mated pEYDG1 into R. meliloti in a triparental cross between E. coli HB101(pRK2073), E. coli HB101(pEYDG1), and R. meliloti 2011 str-3 (described in reference 17). pRK2073 is a derivative of pRK2013 with a Tn7 insertion in the kanamycin a Matings were preformed as described in the footnote to Table 1 except that the filters were incubated for 18 h at 30°C. This longer mating time was used because of the slower growth rate of Rhizobium spp. The mating mix was plated on M9 minimal media modified for Rhizobium meliloti and containing 50 p.g of novobiocin per ml to counterselect against the donor (17) . resistance gene (6) . This plasmid contains the transfer region of RK2 cloned onto ColEl and serves as the tra+ helper plasmid to transfer pEYDG1 into Rhizobium spp. (7) . Since ColEl-type replicons are not maintained in Rhizobium spp. (7), selection for neomycin-resistant transconjugants gives R. meliloti strains with TnS-oriT insertions in the chromosome. Neomycin, rather than kanamycin, was used for selection because of the greater sensitivity of Rhizobium spp. to neomycin. The RK2 helper plasmid pRK212.1 was then transferred into the Rhizobium strains containing Tn5-oriT. To test for transfer of chromosomal markers, these R. meliloti oriT 2011(pRK212.1) donors were mated with the auxotrophic R. meliloti recipient strain 3357 (trp-33 his-39 leu-53 rif-I spc-l str-3 nov-57 (17) . The data from two of these matings are shown in Table 2 . The background transfer of markers by pRK212.1 in strain 2011 without oriT was 10-6 or less. R. meliloti strain 2011 oriTI gave high-frequency transfer of the chromosomal markers his, trp, and leu in a polarized manner. The very high frequency of transfer of the proximal markers his and trp may be due to the longer mating times used for Rhizobium spp. (18 h at 30°C) as compared with that for E. coli (2 h at 37°C). With a second isolate, 2011 oriT2, trp+ recombinants were obtained at a lower frequency, perhaps due to transfer in the opposite direction.
These results demonstrate the general utility of this chromosome transfer system mediated by the RK2 transfer origin. The two essential components of this system are (i) a suicide plasmid which delivers TnS-oriT into the chromosome of the new host and (ii) an RK2 helper plasmid which provides the transfer system to mobilize the chromosome beginning at the integrated oriT site. Since RK2 has a very broad host range including most gram-negative bacteria, this transfer system should be generally applicable to many bacteria which lack endogenous chromosome-mobilizing plasmids.
The integrated oriT site mediates polarized chromosome transfer analogous to Hfr strains of E. coli. The transfer most likely occurs by interaction of the oriT sequence with (9) . However, we cannot rule out a recombination event between the chromosomal oriT sequence and the helper tra+ plasmid. Since the oriT-mediated transfer system will be used mainly in wild-type gramnegative bacteria which are recombination proficient, we tested the system in rec+ E. coli and R. meliloti. When our work was almost completed, a similar Tn5 derivative containing the transfer origin of RP4 (closely related to RK2) was reported to be useful in mobilizing large plasmids (21) . Therefore, the RK2 oriT contained in Tn5 will facilitate highfrequency transfer of both chromosomal and plasmid DNA and should be useful in the genetic manipulation of a wide variety of bacteria. 
